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Thermochemical Behavior of Crystalline RE(Val)Cl;-6H,0 (RE = Nd, Er, Val =

Valine)"

Jing-Nan Zhang,"® Zhi-Cheng Tan,*** Bei-Ping Liu,"' Quan Shi,”* and Bo Tong**

Thermochemistry Laboratory, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, China,
Graduate School of the Chinese Academy of Sciences, Beijing 100049, China, and Department of Chemistry, Hunan University

of Arts and Science, Changde 415000, China

Heat capacities of two solid complexes of rare-earth elements with valine RE(Val)Cl;+6H,0 (RE = Nd, Er,
Val = Valine) have been measured with a high-precision automatic adiabatic calorimeter over the temperature
range from (78 to 376) K. An anomaly of a large step in the heat capacity curve was detected in the
temperature range of roughly (308 to 314) K and (297 to 300) K for the Nd and Er complex, respectively,
which may be attributed to a glass transition corresponding to freezing of structural disorder. Thermal
decomposition of the two complexes was studied by a thermogravimetric (TG) technique, and the possible

mechanism for the decomposition was suggested.

Introduction

Solid complexes of rare-earth elements with amino acids are
important chemical substances, which are widely used in
agriculture and the medicine industry. In 1975, Anghileri first
reported that [La(Gly);(H,O)]Cl;+3H,0 has an antitumor ef-
fect.! Rare-earth complexes with amino acids have been
extensively studied because of their physiological and biochemi-
cal effects. On the other hand, with the wide use of these
complexes, rare-earth elements are inevitably spread into the
food chain and then into the bodies of human beings. To obtain
information about the long-term effects of rare-earth elements
on people, the complexes of lanthanide ions with amino acids
as ligands have been synthesized and extensively studied by a
variety of methods.” ® However, until now, the study of
thermochemical properties of many solid complexes of rare-
earth complexes with amino acids has been unsystematized and
even absent.

In the present work, the low-temperature heat capacities of
two complexes, Nd(Val)Cl;*6H,0 and Er(Val)Cl;*6H,0, were
measured over the temperature range from (78 to 376) K. In
the course of the experiment, a large step in heat capacities was
detected for both complexes, and the possible cause for the
anomaly in heat capacities is discussed. In addition, possible
mechanisms of thermal decompositions of the two complexes
are proposed on the basis of thermogravimetric (TG) analysis.

Experimental Section

According to the literature,” rare-earth oxides (Nd,Oj, Er,05,
> 99.9 %, purchased from Shanghai Chemical Reagent Co.,
Ltd., in China), hydrochloric acid, and valine were used to
prepare the experimental samples. First, the rare-earth oxides
were dissolved in hydrochloric acid to get the aqueous solutions
of the rare-earth chlorides, and then the aqueous solutions were
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Figure 1. Experimental molar heat capacities of Nd(Val)Cl;+6H,0 as a
function of temperature.

mixed with valine at the mole ratio of 1:1 at about pH = 3,
which was regulated by adding a suitable amount of NaOH.
The mixed solution was concentrated by evaporation, cooled,
and filtered. The filtrate was placed into a desiccator with P,O4
until crystalline products isolated from the solutions. The crystals
were filtered out and washed with anhydrous alcohol three times.
After this procedure, the color changed to purple and pink
crystals. Finally, these crystals were desiccated in a dryer until
their mass became constant.

The mass fraction of the crystals was proved to be more than
99.90 % by EDTA titrimetric analysis, good enough to meet
the requirements of the present calorimetric study.

A precision automatic adiabatic calorimeter was used to
measure the heat capacities over the temperature range from
(78 to 376) K. The calorimeter was established in the Thermo-
chemistry Laboratory of the Dalian Institute of Chemical
Physics, Chinese Academy of Sciences. The principle and
structure of the adiabatic calorimeter have been described in
detail elsewhere.® '® The heating duration and temperature
increment for each experimental heat capacity point were usually
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Figure 2. Experimental molar heat capacities of Nd(Val)Cl;+6H,0 in the
temperature range of glass transition.
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Figure 3. Experimental molar heat capacities of Er(Val)Cl;*6H,0 as a
function of temperature.
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Figure 4. Experimental molar heat capacities of Er(Val)Cl;+6H,0 in the
temperature range of glass transition.

controlled to be about 10 min and (1 to 3) K, respectively, during
the whole experimental process.

Prior to the heat capacity measurements of the sample, the
reliability of the calorimetric apparatus was verified by heat
capacity measurements on the reference standard material,
0-Al,O5. The deviations of our experimental values from those
of the smoothed curve lie within = 0.2 %, while the uncertainty
is within £ 0.3 %, as compared with the recommended values
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Table 1. Experimental Molar Heat Capacities of Nd(Val)Cl;+6H,0O
(M = 475.860 g-mol )

T Com T Com
K J-K-mol ! K J-K-mol !
80.91 199.57 230.23 472.85
84.04 205.11 233.28 477.43
87.00 213.18 236.37 482.90
89.92 221.62 239.47 486.96
92.86 229.03 243.07 490.31
95.77 237.43 246.69 493.18
98.62 244.94 249.82 497.58
102.43 251.53 252.92 501.05
106.32 261.26 256.02 505.60
109.26 266.90 259.10 508.83
112.22 273.55 262.17 516.34
115.22 280.70 265.21 519.03
118.21 286.79 268.24 522.90
121.18 291.99 271.25 526.87
124.19 298.08 274.25 530.69
127.19 304.28 277.24 533.32
130.19 309.75 280.29 535.12
133.18 314.89 283.41 540.41
136.17 319.83 286.51 544.30
139.17 326.15 289.59 549.06
142.16 333.55 292.65 554.88
145.21 337.59 295.69 560.26
148.25 339.59 298.73 562.56
151.26 344.31 301.75 568.52
155.12 350.03 304.76 572.57
158.95 357.73 307.76 574.44
161.93 361.70 310.74 584.68
164.93 365.68 313.77 596.89
167.96 371.76 316.87 602.42
171.02 376.55 319.95 607.32
174.05 381.57 323.03 612.92
177.06 388.22 326.09 617.19
180.12 391.79 329.15 621.64
183.19 397.33 332.20 627.00
186.23 403.83 335.24 631.33
189.24 409.59 338.36 635.75
192.29 410.93 341.54 640.27
195.36 420.38 344.69 646.80
198.40 425.32 347.83 652.39
201.42 429.74 350.98 655.42
205.13 435.49 354.12 660.12
208.84 442.21 357.23 664.56
211.84 447.77 360.32 668.97
214.90 452.39 363.39 674.32
218.00 456.29 366.53 680.81
221.10 457.37 369.68 685.21
224.18 462.41 372.84 690.75
227.23 468.26 375.99 695.15

reported by Archer'' of NIST in the temperature range from
(80 to 405) K.
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Figure 5. Experimental molar heat capacities of RE(Val)Cl;+6H,0 (RE =
Nd, Sm, Er) as a function of temperature. 0, Nd(Val)Cl;-6H,0; @,
Sm(Val)Cl;+6H,0; A, Er(Val)Cl;+6H,0.
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Table 2. Experimental Molar Heat Capacities of Er(Val)Cl;<6H,0
(M = 498.880 g-mol )

T Com T Com
K J-K-mol ! K J-K-mol !
80.76 190.58 229.55 457.85
83.72 196.75 232.53 461.56
86.63 205.81 235.55 465.61
89.45 211.95 238.56 468.08
92.18 219.37 242.06 472.49
94.84 229.26 245.59 475.67
97.45 235.92 248.65 478.49
100.00 239.46 251.71 481.49
103.44 245.37 254.75 483.78
107.07 253.58 257.76 484.67
109.98 259.59 260.75 493.31
112.92 265.18 263.73 496.66
115.87 270.66 266.69 499.66
118.86 275.48 269.64 503.90
121.83 281.48 272.64 505.48
124.81 286.40 275.70 510.60
127.77 292.58 278.74 515.59
130.73 299.62 281.77 520.08
133.72 304.13 284.77 524.07
136.71 309.03 287.76 530.81
139.70 314.07 290.73 535.68
142.70 318.25 293.68 542.19
145.68 324.13 296.69 545.35
148.71 327.12 299.74 563.08
152.53 330.83 302.75 564.23
156.33 336.32 305.77 567.84
159.33 341.93 308.79 573.16
162.36 347.97 311.81 575.10
165.37 351.45 314.82 576.94
168.35 357.89 317.82 579.64
171.31 362.08 320.81 585.35
174.31 366.82 323.80 592.04
177.34 374.64 326.85 595.81
180.34 377.61 329.95 600.40
183.36 382.51 333.06 606.04
186.34 386.75 336.16 610.45
189.35 390.46 339.24 614.16
192.38 397.34 342.33 619.27
195.39 399.81 345.40 624.04
198.37 405.98 348.48 629.86
201.33 411.98 351.55 633.21
204.98 418.16 354.63 639.03
208.64 426.27 357.71 644.15
211.63 431.74 360.80 649.44
214.61 435.80 363.95 655.09
217.55 441.62 367.16 658.44
220.55 446.21 370.37 660.38
223.59 449.21 373.57 663.73
226.60 452.03

The mass of the Nd(Val)Cl;+6H,0 and Er(Val)Cl;+6H,0
used for heat capacity measurements was (3.77704 and 2.67576)
g, which are equivalent to (0.00793729 and 0.00536353) mol,
based on their corresponding molar mass of (475.860 and
498.880) g+-mol ', respectively.
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Figure 6. Sketch map of the crystal structure of solid complexes of
monovalino-hexaquo-rare-earth chlorides:” (a) dinuclear complexes; (b) one-
dimensional chain complexes of infinite length.
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Figure 7. TG/DTG curve of Nd(Val)Cl;+6H,O under nitrogen atmosphere.
Mass in is the leaving mass of the sample in percent.
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Figure 8. TG/DTG curve of Er(Val)Cl;+6H,0 under nitrogen atmosphere.

A thermogravimetric analyzer (model DT-20B, Shimadzu,
Japan) was used for TG measurements of the solid complexes
under high-purity (99.999 %) nitrogen atmosphere with a flow
rate of 80 mL-min_'. The masses of the samples used for TG
analysis were (9.75 and 7.94) mg for Nd(Val)Cl;+6H,0 and
Er(Val)Cl;+6H,0, respectively. The heating rate was 10
K-min~".

Results and Discussion

Heat Capacity. The experimental molar heat capacities
obtained by the adiabatic calorimeter over the temperature range
from (78 to 376) K are shown in Figure 1 and Figure 3 and
tabulated in Tables 1 and 2, respectively. The molar heat
capacities of the samples are fitted to the following polynomials
in reduced temperature (X) by means of the least-squares fitting.

For the solid complex Nd(Val)Cl;+6H,0:

The temperature range from (80 to 305) K:

Cp,m/(J-K-mol_l) =414.29322 4+ 174.72171X —
21.33248X% +10.88861X" —9.38797X* (1)
where X is the reduced temperature X = [T — (Tpax T Tinin)/

21T max — Tmin)/2], where T is the experimental temperature.
Thus, in the temperature range (80 to 305) K, X = [(T/K) —
192.5]/112.5; T,,.« is the upper limit (305 K); and 7,,;, is the
lower limit (80 K) of the above temperature region. The



correlation coefficient of the fitting R? =0.9996, and the fitness
bias is 0.069 %.
The temperature range from (315 to 376) K:

C, o/(J’Kmol ') = 647.16612 +46.46817X —

0.04272X> + 1.65301X° + 0.44314X* (2)

where X is the reduced temperature, X = [(7/K) — 345.5]/30.5.
The correlation coefficient of the fitted curve R* = 0.9995, and
the fitness bias is 0.022 %.

For the solid complex Er(Val)Cl;+6H,0:

The temperature range from (80 to 295) K:

C, n/(JKemol ') = 390.55819 + 165.657X —

15.59736X* — 6.2679X° — 11.16731X* (3)

where X is the reduced temperature, X = [(7/K) — 187.5]/107.5.
The correlation coefficient of the fitted curve R? = 0.9990, and
the fitness bias is 0.084 %.

The temperature range from (303 to 376) K:

Cp’rr/(J°K'mol_1) =615.0706 4 60.0485X + 2.82339X > —

9.63372X° — 1.8531X" (4)

where X is the reduced temperature, X = [(7/K) — 339.5]/36.5.
The correlation coefficient of the fitted curve R* = 0.9987, and
the fitness bias is 0.040 %.

From Figure 1 and Figure 3, it can be seen that the heat
capacities of the two complexes increase with temperature in a
smooth and continuous manner in the temperature range from (80
to 305) K and from (315 to 376) K for Nd(Val)Cl;+6H,O and
from (80 to 295) K and from (303 to 374) K for Er(Val)Cl;+6H,0.
However, as we can see in Figures 2 and 4, a large step in heat
capacity was detected around (313 and 299) K for
Nd(Val)Cl;+6H,0 and Er(Val)Cl;+6H,0, respectively; this may
be attributed to a glass transition corresponding to freezing of
structural disorder. Some studies'>'? indicated that the glass
transition is considered to arise from freezing of the orientational
disorder. The presence of a glass transition indicates that there exists
a configurational degree of freedom with plural distinguishable
positions and/or orientations (of molecules or ions) which are
separated with a large potential barrier and each of which has an
appreciable temperature change in the occupation fraction in the
transition region.'® Tt should be noted that the anomaly in heat
capacities of rare-earth chlorides with valine was not reported before
the present calorimetric investigations. To understand the mech-
anism of the anomaly, the study for such compounds needs to be
carried out further; meanwhile, when we carried out calorimetric
investigation on Sm(Val)Cl;+6H,0, there was a similar anomaly
in the heat capacity curve where a large step was detected around
308 K.

Comparison of Heat Capacity of RE(Val)Cl;-6H,0 (RE
= Nd, Sm, Er). The experimental molar heat capacities of
RE(Val)Cl;+6H,0 (RE = Nd, Sm, Er) are shown in Figure 5.
It is obvious that the experimental molar heat capacities of
Sm(Val)Cl;+6H,0 and Er(Val)Cl;+6H,0O are very close. We
considered that it may arise from the similarity of crystal
structures between Sm and Er complexes. Researchers’ con-
cluded that the Nd complex was a one-dimensional chain
complex of infinite length, whereas Sm and Er were dinu-
clear complexes. The sketch map of the crystal structure of
these complexes is shown in Figure 6.

On the other hand, we noticed that the temperature at which
the anomaly in heat capacities occurred has some certain
orderliness: the temperature decreases with the increase of the
atomic number of rare earth.
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TG Results. The TG curve of Nd(Val)Cly+6H,0 is shown in
Figure 7. It can be seen clearly from the mass-loss curve that most
of the activities occur in the temperature range of (575~826) K.
The solid complex was stable below 373 K and started decomposi-
tion at 378 K. The total mass-loss (%) is 46.97 %. We consider
that the residue should be NdCl; because the mass-loss (%)
calculated theoretically is 47.34 % if the final residual is NdCl,.

Figure 8shows that the structure of Er(Val)Cl;+6H,0 is stable
below 363 K. It starts mass-loss at 366 K. The experimental result
of final relative mass-loss was 41.33 %, which suggested that the
residual product should be ErCl; because the theoretical relative
mass loss of the decomposition is 43.93 % when the final residual
is ErCl;. According to the mass-loss in each step, possible
mechanisms of the thermal decompositions may be as follows

(378[467) K
Nd(Val)Cl;+6H,0
13.44 % (13.25 %)
(575[826) K
Nd(Val)Cl;+2.5H,0 NdCl,
46.97 % (47.34 %)
and
(366[148) K
Er(Val)Cl;+6H,0
13.17 % (12.64 %)
(5130820) K
Er(Val)Cl;+2.5H,0 ErCl,

41.33 % (43.93 %)
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